Inflammation is associated with blood vessel and lymphatic vessel proliferation and remodeling. The microvasculature of the mouse trachea provides an ideal opportunity to study this process, as Mycoplasma pulmonis infection of mouse airways induces widespread and sustained vessel remodeling, including enlargement of capillaries into venules and lymphangiogenesis. Although the mediators responsible for these vascular changes in mice have not been identified, VEGF-A is known not to be involved. Here, we sought to determine whether TNF-α drives the changes in blood vessels and lymphatics in M. pulmonis-infected mice. The endothelial cells, but not pericytes, of blood vessels, but not lymphatics, were immunoreactive for TNF receptor 1 (TNF-R1) and lymphotoxin B receptors. Most TNF-R2 immunoreactivity was on leukocytes. Infection resulted in a large and sustained increase in TNF-α expression, as measured by real-time quantitative RT-PCR, and smaller increases in lymphotoxins and TNF receptors that preceded vessel remodeling. Substantially less vessel remodeling and lymphangiogenesis occurred when TNF-α signaling was inhibited by a blocking antibody or was silenced in Tnfr1 -/-mice. When administered after infection was established, the TNF-α-specific antibody slowed but did not reverse blood vessel remodeling and lymphangiogenesis. The action of TNF-α on blood vessels is probably mediated through direct effects on endothelial cells, but its effects on lymphangiogenesis may require inflammatory mediators from recruited leukocytes. We conclude that TNF-α is a strong candidate for a mediator that drives blood vessel remodeling and lymphangiogenesis in inflammation.
Introduction
A wide spectrum of changes in blood vessels occurs in inflammation. Acute inflammation is accompanied by reversible vasodilatation, increased blood flow, plasma extravasation, and leukocyte adhesion and transmigration. In chronic inflammation, characteristic of asthma, obstructive pulmonary disease, rheumatoid arthritis, psoriasis, and inflammatory bowel disease, blood vessels and lymphatic vessels proliferate and undergo remodeling with changes in structural, functional, and molecular phenotypes. As part of the remodeling, capillaries enlarge and transform into venules that contribute to leukocyte adhesion and migration (refs. 1-3 and J. Fuxe, unpublished observations). Lymphatic vessels not only sprout and proliferate but also enlarge and undergo phenotypic changes (4, 5) .
Although much attention has been devoted to sprouting angiogenesis in cancer, less is known about the factors that govern vascular remodeling in inflammation. The microvasculature of the mouse trachea presents an opportunity to study such factors because it (a) has a regular segmented 2D architecture repeated between and over the tracheal cartilage rings; (b) can be subjected to short-and long-lasting inflammatory stimuli (6) ; and (c) is a site of angiogenesis, vascular remodeling, and lymphangiogenesis after infection by Mycoplasma pulmonis. A conspicuous early feature of vascular remodeling in the airways of mice with M. pulmonis infection is enlargement of capillaries into venules (1, 7) . The enlargement results from endothelial cell proliferation, not merely vasodilatation (8) , but the mediators that drive this change are unknown.
Factors that promote vascular remodeling, angiogenesis, or lymphangiogenesis include members of the VEGF, angiopoietin, FGF, TNF-α, and TGF families, hepatocyte growth factor, interleukins, and other cytokines. Several lines of evidence indicate that VEGF-A does not play an essential role in vascular remodeling after M. pulmonis infection. Inhibition of VEGF-A signaling by VEGF receptor-blocking antibodies does not decrease the response (5) . Conditional overexpression of VEGF-A in the airways results in abundant sprouting angiogenesis but little vascular enlargement (6) . In comparison, angiopoietin overexpression tends to mimic the remodeling (9, 10) . Although blockade of VEGF-C signaling via VEGFR-3 receptors by function-blocking antibody prevents lymphangiogenesis almost entirely (5) , it has no effect on blood vessel remodeling. Furthermore, unlike TNF-α, VEGF-A is not upregulated in lungs after M. pulmonis infection (11) (12) (13) . These observations, and evidence that TNF-α regulates many downstream changes in inflammation (14) (15) (16) (17) , prompted us to assess the role of TNF signaling in vascular remodeling and lymphangiogenesis after M. pulmonis infection.
TNF-α can promote angiogenesis in vivo (18, 19) , but the mechanisms involved are controversial. We sought to determine whether TNF signaling drives the vascular remodeling and lymphangiogenesis in mouse airways after M. pulmonis infection, either by acting directly on endothelial cells or by inducing the production of other factors. To address these issues, we asked 5 questions: (a) What is the time course of vascular changes in mouse airways after M. pulmonis infection? (b) Is the expression of TNF-α or its receptors increased after infection? If so, does the time course of changes in expression match the time course of remodeling of blood vessels and lymphatics? (c) Does expression of the TNF family members lymphotoxin A and lymphotoxin B or their receptors change after infection? (d) Are TNF receptors present on endothelial cells of blood vessels or lymphatics and does their distribution change after infection? (e) Can blood vessel remodeling or lymphangiogenesis after M. pulmonis infection be prevented or reversed by inhibition of TNF signaling? To answer these questions, we compared the amount and distribution of TNF-α expression in airways of pathogen-free and M. pulmonis-infected mice and examined the effect of blocking TNF signaling with a function-blocking antibody or by genetic deletion of TNF receptor 1 (TNF-R1). Using immunohistochemistry and quantitative RT-PCR (qRT-PCR) analysis, we found that TNF-α was strongly upregulated in airways after infection, but before the vascular remodeling and lymphangiogenesis began. TNF-R1 receptors were present on endothelial cells. The vascular changes were reduced by blocking TNF signaling but could not be reversed by treatment started 1 or 4 weeks after infection.
Results

Time course of vascular changes after M. pulmonis infection.
The tracheal microvasculature of pathogen-free C57BL/6 mice was highly ordered and stereotyped. Arcades of blood vessels and lymphatics were arranged in the mucosa between the cartilage rings ( Figure 1A ). Only capillaries of relatively uniform caliber and almost no lymphatics crossed the cartilage rings in pathogen-free mice ( Figure 1 , A and D). All segments of the microvasculature enlarged in diameter over the first few weeks of M. pulmonis infection (Figure 1 , B-G). Lymphatic sprouts, identified by lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) staining, were present from the end of the first week of infection ( Figure 1 , B and E). By 14 days of infection, the regions of mucosa over cartilages contained enlarged blood vessels and lymphatic sprouts ( Figure 1 , C and F). Scattered LYVE-1-positive cells not connected to lymphatics did not express VEGFR-3, Prox1, or podoplanin (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI37626DS1) and were probably macrophages (20) (21) (22) . The vessel changes were accompanied by an influx of leukocytes, many of which stained for PECAM-1 immunoreactivity. Immunohistochemical staining for phosphohistone H3, a marker of mitotic nuclei, provided evidence of endothelial cell division after M. pulmonis infection. Phosphohistone H3-labeled endothelial nuclei of blood vessels and lymphatics were rare in pathogen-free mice (data not shown) but were abundant after day 7 of infection ( Figure 1, H and I ). Many dividing cells were also present in the airway epithelium and mucosa ( Figure 1I ). 
Expression of TNF-α family members and receptors after infection.
qRT-PCR showed that TNF-α expression increased rapidly after M. pulmonis infection. The 15-fold increase at 3 days persisted for at least 4 weeks (Figure 2A) . Notably, the increase in TNF-α expression after infection preceded the onset of blood remodeling. Expression of the TNF family members lymphotoxin A and lymphotoxin B increased only 2-and 4-fold ( Figure 2A ). Expression of TNF-R1 and lymphotoxin B receptor (LTBR) stayed relatively flat. TNF-R2 expression peaked at a 4-fold increase on day 14 ( Figure 2A) . TNF-α immunoreactivity was moderate in the epithelium and respiratory smooth muscle of the trachea of pathogen-free mice ( Figure 2, B and D) . The amount and intensity of staining increased after infection, when macrophages and other leukocytes had strong immunoreactivity ( Figure 2 , C and E).
TNF receptors on endothelial cells of blood vessels but not lymphatics. We determined the distribution of immunoreactivity for TNF-R1, TNF-R2, and LTBR in sections of pathogen-free and M. pulmonisinfected tracheas also stained with Iba1 immunoreactivity (23) as a marker for macrophages and dendritic cells (Supplemental Figure  2) . TNF-R1 immunoreactivity was present on multiple cell types in pathogen-free mouse airways, notably on airway epithelial cells, smooth muscle, and vessels (Supplemental Figure 2, A-D) . TNF-R2 immunoreactivity was found on immune cells (Supplemental Figure 2, E-H), but not on blood vessels or lymphatics. However, LTBR immunoreactivity was present on blood vessels (Supplemental Figure 2 , I-L). In addition, to explore the distribution of TNF-R1 and LTBR immunoreactivity in more detail, we examined tracheas of pathogen-free mice in which vascular endothelial cells, pericytes, smooth muscle cells, and lymphatics were labeled ( Figures 3 and  4 and Supplemental Figure 3) . These experiments revealed that TNF-R1 (Figure 3 , A-C) and LTBR ( Figure 3 , D-F) staining of endothelial cells of blood vessels was stronger in venules and capillaries than in arterioles and was weak in lymphatics ( Figure 4) . In contrast to strong immunoreactivity for TNF-R1 and LTBR on respiratory smooth muscle (Supplemental Figure 2) , TNF-R1 immunoreactivity was weak or undetectable on vascular smooth muscle cells and pericytes ( Figures 3 and 4 and Supplemental Figure 3 ). LTBR immunoreactivity was also present in cartilage (Figure 3, D-F) .
Reduced remodeling of blood vessels and lymphatics after inhibition of TNF signaling. Blood vessel remodeling and lymphangiogenesis after M. pulmonis infection, which are prominent features in WT mice, were modest in WT mice treated with function-blocking anti-TNF-α antibody and in mice lacking TNF-R1 receptors (Figure 5 , A and B). After 14 days of infection, blood vessel remodeling was 58% less in WT mice treated with anti-TNF-α antibody and was 63% less in Tnfr1 -/-mice compared with corresponding WT mice ( Figure 5C ). Lymphangiogenesis was also significantly less (67%) after the blocking antibody and 43% in Tnfr1 -/-mice ( Figure  5D ). Hypertrophy of the bronchial lymph nodes after M. pulmonis infection was also significantly reduced by the TNF-α function-blocking antibody and in Tnfr1 -/-mice ( Figure 5E ). We also confirmed that blood vessels and lymphatics of pathogen-free Tnfr1 -/-mice were normal and essentially indistinguishable from those of pathogen-free WT mice (Supplemental Figure 4) .
In an effort to identify which VEGF family member is responsible for the lymphangiogenesis, we analyzed pathogen-free and 14-day infected WT and Tnfr1 -/-tracheas by qRT-PCR ( Figure 5F ). We found that mRNA for VEGF-C was increased in infected WT mice, but not in infected Tnfr1 -/-mice. Expression of VEGF-D and VEGF-A was not increased under these conditions ( Figure 5F ).
Blocking TNF signaling pharmacologically or genetically also reduced leukocyte influx into the airways and lungs ( Figure 5 , G-J). In infected WT mice, leukocytes accumulated in peribronchial and periarterial cuffs of bronchial-associated lymphoid tissue (BALT). In some mice, an entire lung (usually the left lung) was consolidated by leukocytes, and total lung weight almost doubled (93% increase). After infection, the increase in lung weight was 72% less in WT mice treated with anti-TNF-α antibody and 66% less in Tnfr1 -/-mice. BALT was also less under these conditions.
Exaggerated vascular remodeling after infection of Tnfα -/-mice. The effects of M. pulmonis infection in Tnfα -/-mice were initially expected to phenocopy the effects of the blocking antibody in WT mice or of genetic deletion of TNF-R1. Surprisingly, Tnfα -/-mice had more than 80% mortality, which was greatest on days 5-7 of infection; only a few survived to day 14 after infection with the same dose as WT mice or Tnfr1 -/-mice (10 6 CFU M. pulmonis organisms). RT-PCR measurements of copy number of M. pulmonisspecific 16S rRNA (relative to β-actin) as an index of bacterial burden showed that tracheas of Tnfα -/-mice had 34-fold as many organisms as corresponding WT mice and 5-fold as many organisms as infected Tnfr1 -/-mice at 3 days of infection. No 16S rRNA expression was detected in pathogen-free mice. The increase in expression of TNF-α was not significantly different in airways of 3-day infected WT C57BL/6 and in the background stain for Tnfα -/-mice (B6129SF2/J; JAX strain 101045; 15.8 ± 4-vs. 13.0 ± 2-fold increase relative to respective pathogen-free mouse; n = 7-8 mice per group, P > 0.05). Surviving Tnfα -/-mice were much sicker than WT mice, as reflected by severe blood vessel remodeling and lymphangiogenesis ( Figure 6 , A-C), leukocyte influx into lungs, and hypertrophy of bronchial lymph nodes. As with Tnfr1 -/-mice, blood vessels and lymphatics of pathogen-free Tnfα -/-mice were essentially indistinguishable from those of pathogen-free WT mice (Supplemental Figure 4) .
To discover whether other cytokines could compensate for the absence of TNF-α, we performed qRT-PCR analysis on tracheas from pathogen-free and infected Tnfα -/-and corresponding WT mice. These experiments were done at 3 days of infection, before most Tnfα -/-mice succumbed. As expected, TNF-α expression was not detected in pathogen-free or infected Tnfα -/-mice ( Figure 6D ). Expression of lymphotoxin A and lymphotoxin B was increased in infected Tnfα -/-mice, and lymphotoxin A expression in infected Tnfα -/-mice was about 2-fold higher than in WT mice ( Figure 6D ). Expression of TNF-R2 was increased in infected WT and Tnfα -/-mice (probably on account of leukocyte influx), while TNF-R1 was significantly increased only in WT mice ( Figure 6E ). Expression of LTBRs was not significantly different between the groups. In general, the expression (in terms of copy number relative to β-actin) of the ligands TNF-α, lymphotoxin A, and lymphotoxin B was much higher than that of their receptors, TNF-R1, TNF-R2, and LTBR ( Figure 6, D and E) .
Gene profiling. Additional gene-profiling studies showed that expression of almost half of the 84 target genes on TaqMan mouse immune gene arrays was increased or decreased more than 2-fold after 3 days of M. pulmonis infection in WT, Tnfr1 -/-, or Tnfα -/-mice ( Table 1 ). As expected, many genes for leukocyte markers, adhesion molecules, chemokines, cytokines, and their receptors were greatly upregulated in infected WT mice.
Notably, expression of TNF-α, IL-1α, IL-1β, and IL-6, and inducible nitric oxide synthase was increased, but surprisingly, expression of prostaglandin-endoperoxide synthase 2 (cyclooxygenase 2) and VEGF-A was not. The inflammatory monocyte/macrophage chemokines Ccl2, Ccl3, and Cxcl10 were also greatly increased, but not the receptor Ccr2. Expression of leukocyte adhesion molecules E selectin, P selectin, and VCAM was also increased.
Gene profiling also identified differences in mouse groups after infection (Table 1 ). Many genes increased less after infection in Tnfr1 -/-mice, consistent with the reduced remodeling. In infected Tnfα -/-mice, as expected, TNF-α expression was not detected. Ccl3, IL-1α, IL-1β, and IL-6 expression was increased less than in infected WT mice. In addition to the increased levels of lymphotoxin A identified by qRT-PCR, gene arrays revealed increased expression of Ccl5, Ccl19, and suppressor of cytokine signaling 2 in infected Tnfα -/-mice. Figure 7A ) and lymphangiogenesis ( Figure 7B ) after 1 week of infection were not reversed by 1 week of treatment, but further growth was reduced. Likewise, blood-vessel remodeling and lymphangiogenesis were not reversed by the anti-TNF-α antibody for the last 2 weeks of a 6-week infection period, but further growth was reduced ( Figure  7C ). Growth of bronchial lymph nodes was stopped but not reversed by the anti-TNF-α antibody treatment during weeks 5 and 6 of infection ( Figure 7D ).
Lack of reversal of blood vessel remodeling or lymphangiogenesis after inhibition of TNF signaling. Blood-vessel remodeling (
Discussion
Having found that remodeling of airway blood vessels in mice infected with M. pulmonis was not primarily driven by VEGF or by bFGF, we sought to identify the mediators involved. TNF-α seemed a reasonable candidate because in many pathological conditions, it is associated with vascular changes, is produced in inflamed airways, and stimulates angiogenesis in multiple settings. However, the role of TNF-α in vascular remodeling in airway inflammation has not been previously examined.
Blood vessels grow and change their shape by multiple mechanisms (24) . In embryos, blood vessels form initially by vasculogenesis involving the coalescence of cells into a primitive branching vascular plexus, which subsequently expands by angiogenesis. In postnatal life, most new blood vessels arise by sprouting angiogenesis, in which endothelial tip cells sprout and endothelial stalk cells proliferate (25) . Another kind of vessel growth is intussusceptive angiogenesis, e.g., in the pulmonary circulation, in which existing vessels divide internally and split into daughter vessels (26) . Blood vessels also undergo remodeling, in which their characteristic phenotype changes, rather than their number. One example is arteriogenesis, in which fine diameter collateral vessels become arterioles (27, 28) . In another type of vascular remodeling, capillaries enlarge and trans- form into venules capable of plasma extravasation and leukocyte trafficking. This change, which is a prominent feature of M. pulmonis infection of the airways (1), is the focus of the present study. Several endothelial growth factors and signaling pathways have been proposed for other forms of angiogenesis, but to date there have been no convincing candidates for driving vascular enlargement.
In the present study, we took advantage of knockout and transgenic mice to examine the mechanism of vascular remodeling in more detail. Genetic background can influence the magnitude and type of angiogenesis that occurs in response to a stimulus (29, 30) . Previously, we examined vascular remodeling in C3H mice, which are unusually susceptible to M. pulmonis infection and have particularly severe vascular changes (1) . M. pulmonis is a naturally occurring pathogen that commonly infects and remodels the respiratory tract of rodents housed under "conventional" nonbarrier conditions (31) (32) (33) . Endothelial cell division, as shown by BrdU labeling, peaks in C3H mice at 5 days of infection (8), demonstrating that the capillary enlargement occurs by endothelial cell division and is not simply vasodilatation. During the first 2 weeks of infection, vascular changes are qualitatively similar but less prominent in C57BL/6 mice (1). Phosphohistone H3 immunoreactive endothelial cells are present in all segments of the tracheal microvasculature of infected C57BL/6 mice. Phosphohistone H3-labeling studies also indicate that growth of lymphatics follows a similar paradigm of "tip cells and stalk cells" as used by endothelial sprouts of blood vessels (5) . At later stages of infection, when BALT has accumulated, sprouting angiogenesis occurs in the airways of C57BL/6 mice (1). Thus, multiple vascular changes can occur in the same tissue, and multiple mediators are probably involved.
TNF-α has long been recognized as a master regulatory cytokine capable of initiating the inflammatory cascade by switching on many downstream genes, inducing expression of other cytokines and chemokines, signaling molecules and transcription factors, cell surface receptors and adhesion molecules, components of the coagulation system, apoptosis-and cell proliferationrelated genes, and other inflammatory response genes (17, (34) (35) (36) . The present study examined the kinetics and cellular location of expression of TNF-α, related family members, and receptors in infected C57BL/6 mouse airways.
Increased expression of TNF-α and lymphotoxin A has been reported in mouse lungs after M. pulmonis infection (11-13) but has not been previously examined from the perspective of vessel remodeling in the airways. In comparison with lungs, in which expression of TNF-α peaks within a few hours of infection and then declines to near baseline values (11, 13) , TNF-α expression in the tracheas was sustained over the course of the disease. This difference may represent histological differences in cell populations in the trachea and the lung, a complex mixture of parenchymal alveolar tissues and intrapulmonary airways. Being able to measure TNF-α expression and assess vascular remodeling and lymphangiogenesis in the trachea strengthened the case for the involvement of TNF-α in vascular remodeling.
Among the chemokines induced by TNF-α are CCL2, CCL7, CXCL2, and CXCL5, which attract macrophages, neutrophils, and other leukocytes, which in their turn secrete further mediators that amplify the inflammatory cascade (14, 15, 17, 37) . Likewise, TNF-α induces expression of E selectin, VCAM-1, and ICAM-1 in endothelial cells that mediate leukocyte adhesion and extravasation (36) . In the present study, Taqman analysis confirmed that many cytokines (notably including IL-1), chemokines, adhesion molecules, and other inflammatory molecules were upregulated in airways of infected mice, but expression of VEGF-A was hardly changed. Reduced expression of chemoattractants and adhesion molecules may contribute to the diminished leukocyte influx and lymph node hypertrophy observed in infected mice treated with anti-TNF antibody or deficient in TNF-R1. Because blood vessel and lymphatic remodeling in M. pulmonis-infected airways depend on the presence of immune cells in the airways (3), the reduced leukocyte influx and production of mediators could account for the reduction in vascular and lymphatic remodeling (38) . Others have shown that sprouting angiogenesis is reduced by blocking TNF-α pharmacologically (39) or deletion of TNF-R1 (38, 40) . Interestingly, pathological angiogenesis in oxygen-induced retinopathy does not occur in mice genetically deficient in TNF-R1, but developmental angiogenesis is normal (40) . This finding emphasizes the notion that angiogenesis is regulated by different factors under different circumstances.
Initially, we expected genetic deletion of TNF-α to mimic pharmacological blockade of TNF-α, as assessed by the magnitude of the response to M. pulmonis infection. Instead, Tnfα -/-mice became much sicker in response to the same infectious dose of organisms, suffered high mortality, and had more vessel remodeling, leukocyte influx, and lymphangiogenesis in the We reported previously that lymphangiogenesis in airways after M. pulmonis infection is driven by effects of VEGF-C and/or VEGF-D on VEGFR-3 signaling (5). However, those studies did not examine the possible role of TNF-α in the induction of the lymphangiogenesis. The apparent lack of TNF-R1 receptors on lymphatic endothelium suggests that the antilymphangiogenic effects of blocking TNF signaling are indirect, involving mediators produced by other cells. For example, TNF-α upregulates expression of VEGF-C (35), a lymphangiogenic growth factor produced by macrophages in infected airways (5) . qRT-PCR data showed that VEGF-C expression was lower in infected Tnfr1 -/-airways.
Blocking TNF signaling was more successful in preventing blood vessel changes and lymphangiogenesis than in reversing them. Rapid and complete reversal of blood vessel changes in M. pulmonis-infected airways is achievable by elimination of the disease by antibiotics (5) . Partial reversal occurs after treatment with the antiinflammatory steroid dexamethasone (7) . Newly formed lymphatics appear to be more resistant to reversal (5) . Together, these observations suggest that TNF-α may be involved in the initiation of vascular remodeling and lymphangiogenesis after M. pulmonis infection, but other factors are responsible for their maintenance.
Numerous reports show that TNF-α has direct effects on endothelial cells grown in vitro, indicating that signals from associated pericytes or leukocytes are not essential. Our finding of TNF-R1 on endothelial cells of airway blood vessels is consistent with the consensus that most effects of TNF on endothelial cells are mediated by TNF-R1 receptors (14, 46) , although a minor role for TNF-R2 signaling has also been suggested (47, 48) . In our study, blood and lymphatic vessel remodeling, leukocyte influx, and many other consequences of infection were reduced but not eliminated by blocking TNF-R1 signaling. The observations above suggest that TNF-α can trigger other mediators that act downstream or may work synergistically with them. What might be the other mediators? Numerous candidates have been proposed to mediate the angiogenic effects of TNF-α, including VEGF, FGF, PDGF, platelet-activating factor, nitric oxide, IL-1, IL-8, and angiopoietins (39, 40, (49) (50) (51) (52) (53) . This profusion of potential mediators may reflect the different inflammatory and angiogenic conditions studied. However, 2 downstream pathways deserve special consideration: IL-1β/IL-1R and the angiopoietin/Tie2 pathways.
M. pulmonis infection of airways results in pneumonia-like features, as in respiratory infections by Escherichia coli or Streptococcus aureus, in which TNF-α and IL-1β are expressed together (44, 54) . TNF-α and IL-1β are upregulated together in other inflammatory conditions (55) . Although TNF-α and IL-1β have distinct receptors, they are induced by similar inflammatory stimuli, share intracellular signaling pathways, notably NF-κB, and induce an overlapping but not identical profile of gene expression (56, 57) . TNF-α and IL-1β exhibit autoamplification, i.e., they both upregulate their own expression and each other (56, 57) . In infected lungs, the expression of TNF-α slightly precedes IL-1β (11) , suggesting that early expression of TNF-α induces IL-1β. Like TNF-α, IL-1β can induce angiogenesis in inflammation (49, 52, 56) . Although TNF-α and IL-1β often go hand in hand, they are not always equally potent in inducing angiogenesis, and blocking one mediator can be more effective than blocking the other (58) . In the present study, we confirmed that expression of IL-1β was greatly increased in infected airways. Further studies are under way to understand its role.
Angiopoietin/Tie2 signaling is also likely to be involved in mediating effects of TNF signaling on endothelial cells. Among the features that make it attractive, Tie2 receptors are largely confined to endothelial cells (59) and overexpression of Ang1 or Ang2 induces vascular enlargement similar to that observed after M. pulmonis infection (refs. 9, 10; J. Fuxe, unpublished observations). Blocking Tie2 with a soluble antagonist reduces the angiogenesis induced by TNF-α in the mouse cornea, and overexpression of Ang1 or Ang2 potentiates it (39, 53) . Furthermore, TNF-α upregulates expression of Ang1, Ang2, and Tie2 in endothelial cells (60) (61) (62) (63) (64) (65) . Further studies are underway to understand how Ang/Tie2 signaling is involved in mediating the vascular changes observed after M. pulmonis infection.
Blocking TNF-α signaling would seem to be among the logical approaches for treating airway diseases such as severe asthma and chronic obstructive pulmonary disease (66) . Recent clinical studies of asthmatics treated with anti-TNF-α therapy have found improved lung function and quality of life and reduced airway hyperresponsiveness and exacerbation (67) (68) (69) .
More than a century ago, Robert Koch put forward postulates that must be fulfilled to implicate a particular microbe as the cause of a specific disease. TNF-α compellingly satisfies the equivalents of Koch's postulates as a causal factor for the special type of angiogenesis manifested as vascular enlargement in inflamed tissues. TNF-α is present and is increased in inflammation with a time course similar to the vascular changes; its receptors are present on endothelial cells, and the vascular changes induced by disease are inhibited when TNF signaling is blocked. Moreover, TNF-α can increase the production of downstream molecules that have potent actions on endothelial cells.
Methods
Mice. Specific pathogen-free WT C57BL/6 mice (Charles River) of either sex were housed under barrier conditions before and after infection. Tnfr1 -/-mice on a C57BL/6 background (70) or Tnfα -/-mice and WT controls (strain 101045) on a mixed 129/C57BL/6 background (41) were purchased from Jackson Laboratories. Mice were anesthetized by intramuscular injection of ketamine (87 mg/kg) and xylazine (13 mg/kg). The Institutional Animal Care and Use Committees of UCSF approved all experimental procedures.
M. pulmonis infection. Mice were infected by intranasal inoculation of 50 μl of broth containing 10 6 CFU of M. pulmonis organisms of strain CT7
Figure 7
Lack of reversal of blood vessel remodeling and lymphangiogenesis after TNF-α blockade. Measurements of blood vessels (A) and lymphatics (B) show that area densities increase during the first week after infection. Values for blood vessels reach a plateau, but those for lymphatics increase further during the second week. Anti-TNF-α antibody, given for 1 week beginning 1 week (1+1) after infection tends to reduce further growth of blood vessels or lymphangiogenesis but does not reverse it. Values for lymphatics tend to be less after addition of the anti-TNF-α antibody than after IgG, but the difference is not significant. *P < 0.05, significantly different from pathogen-free controls. (C) When anti-TNF-α antibody is given for 2 weeks beginning 4 weeks after infection (4+2), blood vessel remodeling and lymphangiogenesis is not significantly different from corresponding values after IgG injected during same period. (D) Weight of bronchial lymph nodes is less after anti-TNF-α antibody than after IgG and is almost reversed to values at the start of anti-TNF-α treatment. *P < 0.05, significantly different from start of anti-TNF-α treatment (n = 9-11 mice per group).
(5). The severity of infection was assessed at the end of the experiment by weighing bronchial lymph nodes and lungs and by examining H&E-stained 3-μm sections of the left lung, which was usually more severely affected. In some cases, the bacterial burden was estimated by measuring gene expression of M. pulmonis-specific 16S rRNA. The infection continued throughout the time course of the experiments.
Blockade of TNF-α signaling. To determine whether vascular changes could be prevented, WT mice received the first 100-μg dose of a chimeric rat/mouse monoclonal anti-mouse TNF-α function-blocking antibody (CNTO2213; Centocor Research and Development Inc.; ref. 71) or an isotype-matched control rat IgG injected intraperitoneally and immediately thereafter were infected with M. pulmonis. Subsequent doses of antibody were injected every other day for up to 14 days. This dose of anti-TNF-α antibody effectively neutralizes TNF-α in mice (72, 73) . To test the reversibility of vascular remodeling, mice were infected for 1 week and then treated with anti-TNF-α antibody for the second week or infected for 4 weeks and then treated with the antibody for 2 weeks.
Immunohistochemistry. After anesthesia, the vasculature was perfused for 2 minutes with fixative (1% paraformaldehyde in PBS, pH 7.4) from a cannula inserted through the left ventricle into the aorta. Tracheas, bronchial lymph nodes, and lungs were removed and immersed in fixative for 1 hour at 4°C. Bronchial lymph nodes and lungs were weighed to assess the overall severity of disease and leukocyte trafficking. Tissues were washed and stained immunohistochemically by incubating 80-μm-thick cryostat sections or whole mounts with 1 or more of the following primary antibodies diluted in PBS containing 0.3% Triton X-100, 0.2% BSA, 5% normal serum, and 0.1% sodium azide, as described previously (5); endothelial cells (both vascular and lymphatic): CD31 (hamster anti-mouse, clone 2H8, Fisher; or rat anti-mouse clone MEC13.3, BD Biosciences), VE-cadherin, and MECA-32 (rat anti-mouse, clones 11D4.1 and MECA-32; BD Biosciences); dividing nuclei: phosphohistone H3 (rabbit polyclonal; Upstate Biotechnology); lymphatics: LYVE-1 (rabbit polyclonal antibodies; Upstate Biotechnology or AngioBio or rat monoclonal antibody; R&D Systems); macrophages and dendritic cells: Iba1 (rabbit polyclonal 019-19741; Wako); pericytes and smooth muscle cells: rabbit polyclonal antibodies to NG2 (Chemicon) and desmin (Dako); leukocytes: CD11b or CD45 (rat clones Ly-5; BD Biosciences); TNF-α, TNF-R1, TNF-R2, and LTBR (goat polyclonal antibodies; R&D Systems). In cases in which the epithelium stained strongly (TNF-R1 and LTBR) and prevented clear viewing of underlying vessels by fluorescence microscopy, we stained flattened tracheal whole mounts and made 3D Z-stack confocal projections of the mucosa, which made it possible to subtract the signal from confocal slices containing the epithelium. Secondary antibodies were labeled with FITC, Cy3, or Cy5 (Jackson ImmunoResearch). Specimens were viewed with a Zeiss Axiophot fluorescence microscope equipped with a video camera or a Zeiss LSM510 confocal microscope using AIM 3.2.2 confocal software. Some lungs were prepared for H&E staining.
Morphometric measurements. Vessel diameter and length, width, and mucosal area occupied by blood vessels and lymphatics were measured in realtime images of tracheas stained for CD31 and LYVE-1 by using a digitizing tablet linked to a video camera on a Zeiss Axiophot microscope with ×10, NA 0.5, or ×20, NA 0.75, objectives (5). Area densities for blood vessels and lymphatics were calculated for regions of the mucosa overlying the tracheal cartilage rings, where the greatest changes occurred.
qRT-PCR. Mice were anesthetized and briefly perfused via the aorta with sterile PBS. Tracheas were removed and stored in RNAlater reagent and homogenized; total RNA was extracted using RNeasy Fibrous Tissue kit (QIAGEN). cDNA was generated using random primers (Invitrogen) and Moloney Murine Leukemia Virus Reverse Transcriptase (Invitrogen). Samples of 1 ng cDNA were subjected to RT-PCR using SYBR Green protocols and ER qPCR SuperMix Universal (Invitrogen). Primers were designed using data from PrimerBank (http://pga.mgh.harvard.edu/primerbank) or published sequences from the literature. The forward and reverse primers were as follows: β-actin, 5′-GAAGCTGTGCTATGTTGCTCTA-3′ and 5′-GGAG-GAAGAGGATGCGGCA-3′; LTA, 5′-GACTCTCTGGTGTCCGCTTCT-3′ and 5′-GGTACCCAACAAGGTGAGCAG-3′; LTB, 5′-GGACGTC-GGGTTGAGAAGA-3′ and 5′-CGGTTTGCTGTCATCCAGTC-3′; LTBR, 5′-AAGCCGGGACACTTCCAGA-3′ and 5′-AGATGGTATCCGAGTAG-GAGGT-3′; M. pulmonis 16S rRNA, 5′-CGGTACAGGAAACTGTTGCTA-ATACCG-3′ and 5′-CCATTTCAAAGTGAAGCAAACG-3′; TNF-α, 5′-CCAC-CACGCTCTTCTGTCTAC-3′ and 5′-AGGGTCTGGGCCATAGAACT-3′; TNF-R1, 5′-AGAACCAGTTCCAACGCTACC-3′ and 5′-TCTGAGTCTCCT-TACAGGGGAT-3′; TNF-R2, 5′-CAGGTTGTCTTGACACCCTAC-3′ and 5′-GCACAGCACATCTGAGCCT-3′; VEGF-A, 5′-CTGCCGTCC-GATTGAGACC-3′ and 5′-CCCCTCCTTGTACCACTGTC-3′; VEGF-C, 5′-GCAAGACGAGACTCCACTGC-3′ and 5′-GGGAGATCTCATTCAG-CACC-3′; and VEGF-D, 5′-TCACGCTCAGCATCCCATC-3′ and 5′-ACTTC-TACGCATGTCTCTCTAGG-3′. RT-PCR analysis was done using Chromo4 or MyiQ RT-PCR machines (Bio-Rad). Samples were measured in duplicate, and values were normalized to β-actin. Results are presented as fold increases of mRNA or number of copies relative to β-actin. However, since infected airways increased in weight due to the large influx of leukocytes, the mRNA for some genes may have been diluted by the increased tissue mass, which would result in underestimation of expression.
Gene profiling by TaqMan gene array. RNA was extracted from samples as above and measured using a NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific). RNA quality was verified on the Agilent 2100 Bioanalyzer (Agilent Technologies). For RT-PCR, 800 ng of cDNA was prepared using the iScript cDNA synthesis kit (Bio-Rad). The cDNA was applied to TaqMan RT-PCR Mouse Immune Array microfluidic cards (47365297; Applied Biosystems) and run on the Applied Biosystems 7900HT Fast RealTime PCR system; data were analyzed using the ΔδCT method as described in the manufacturer's protocol. Samples were tested with 3-4 specimens per group, and relative gene expression data were normalized to β-actin. Results are presented as fold increases of mRNA in infected groups relative to corresponding pathogen-free controls.
Statistics. Values are presented as means ± SEM with 4-5 mice per group unless otherwise indicated. The significance of differences between means was assessed by ANOVA followed by Dunn-Bonferroni's test for multiple comparisons, with P < 0.05 considered significant.
